Poly(vinyl alcohol) (PVA)-stabilized Au nanoparticles (NPs) were synthesized by colloidal methods in which temperature variations (−75 to 75°C) and mixed H 2 O/EtOH solvent ratios (0, 50, and 100 vol/vol) were used. The resulting Au NPs were immobilized on TiO 2 (P25), and their catalytic performance was investigated for the liquid phase oxidation of glycerol. For each unique solvent system, there was a systematic increase in the average Au particle diameter as the temperature of the colloidal preparation increased. Generation of the Au NPs in H 2 O at 1°C resulted in a high observed activity compared with current Au/TiO 2 catalysts (turnover frequency = 915 h −1 ). Interestingly, Au catalysts with similar average particle sizes but prepared under different conditions had contrasting catalytic performance. For the most active catalyst, aberration-corrected high angle annular dark field scanning transmission electron microscopy analysis identified the presence of isolated Au clusters (from 1 to 5 atoms) for the first time using a modified colloidal method, which was supported by experimental and computational CO adsorption studies. It is proposed that the variations in the populations of these species, in combination with other solvent/PVA effects, is responsible for the contrasting catalytic properties.
■ INTRODUCTION
Tailored preparation of supported metal nanoparticles (NPs) is at the forefront of catalytic research. Characteristics of interest include metal particle size, shape and structure. 1−3 However, it is difficult to achieve fine control over these properties using typical synthesis approaches, that is, impregnation and precipitation. 4−6 The sol-immobilization method is a successful route for the synthesis of supported metal nanoparticles with tailored properties. 7, 8 Colloidal methods have been studied for over 60 years and are able to prepare metal particles in a range of sizes (2−120 nm). 9−11 The particle size is dependent on the choice of stabilizer and the type of reducing agent used. The use of poly(vinyl alcohol) (PVA) as a stabilizing agent has become common in the preparation of metal nanoparticles <10 nm. 12−17 Colloids incorporating the use of PVA have been synthesized only as hydrosols, using water as the solvent, at room temperature. In terms of controlling the nanoparticle size during the reduction stage, attention has been focused on the gold concentration and the strength of the reductant used. 10, 18, 19 Understanding the effect of temperature and the surrounding solvent environment on the reduction process, and consequent particle characteristics, are crucially important.
It has been demonstrated that the catalytic properties of gold-NPs are highly dependent on the particle size, with minimal activity often observed at sizes >10 nm. At smaller particle sizes, Au is extremely active for CO oxidation, 20 hydrogenations, 21, 22 and the selective oxidation of alkenes. 23−25 The origin of the reactive gold has been studied and attributed largely to the population of low-coordinated Au atoms as the active sites. 26 It is also well established that gold nanoparticles are effective for the selective oxidation of many alcohols. 16,27−29 Among the possible alcohols, glycerol is an attractive feedstock in the production of fine chemicals because it can be obtained as a byproduct from the production of biodiesel. As a highly functionalized molecule, there are many possible oxidation products; hence, a selective catalyst is required. 30 It is understood that the activity and selectivity toward glyceric acid is heavily affected by the metal nanoparticle size, with smaller metal nanoparticles <5 nm generating high turnover frequencies as a result of their high reaction rate. 16, 28, 29, 31 In the present study, we demonstrate how systematic approaches to designing nanoparticles can achieve both increased catalytic performance and durability in a manner that has not been previously reported. The work focuses on applying two modifications to an established sol-immobilization protocol, described elsewhere, for the preparation of titania supported gold nanoparticles: 13, 16, 32 (1) varying the temperature at which the colloid is generated and (2) applying different solvent systems through varied water/ethanol ratios. We characterize the Au particle size using transmission electron microscopy (TEM), aberration-corrected scanning transmission electron microscopy (STEM) and X-ray absorption fine structure (XAFS) and investigate the Au surface sites using CO-chemisorption with infrared (IR), corroborated by density functional theory (DFT) calculations. We performed catalytic tests in the liquid phase oxidation of glycerol to investigate the effects that temperature and the solvent used for nanoparticle preparation have on performance.
■ METHODS Catalyst Preparation. A standard sol-immobilization method with temperature control was employed in the preparation of supported Au nanoparticles. HAuCl 4 ·3H 2 O was used to prepare solutions with various H 2 O/EtOH ratios of the desired gold concentration (1.26 × 10 −4 M), to which solutions of PVA (1 wt % solution, Aldrich, M w = 9000−10 000 g mol −1 , 80% hydrolyzed, PVA/Au (w/w) = 0.65) were added. Solutions of NaBH 4 (0.1 M) (>96%, Aldrich, NaBH 4 /Au (mol/ mol) = 5) were freshly prepared and added dropwise to each with stirring to form red-brown sols, depending on the solution temperature. After the complete reduction of gold species (30 min), the colloidal solutions were individually immobilized onto titania (P25, Degussa) under vigorous stirring conditions. The amount of support material required was calculated so as to give a final metal loading of 1 wt %. The mixture was acidified to pH 1−2 by sulfuric acid before it was stirred for 60 min. The slurry was filtered, and the resulting solid was washed thoroughly with distilled water, (2 L of doubly distilled water) to remove soluble impurities, and dried overnight at room temperature. The different H 2 O/EtOH solvent ratios and temperatures at which each Au/TiO 2 catalyst was prepared, as well as an abbreviated name to be used throughout the paper, are presented in Table 1 .
UV−Visible Spectroscopy. The colloidal hydrosols were analyzed by UV−vis spectroscopy to determine the position of the gold surface plasmon resonance band. UV−vis spectra (200−800 nm, Shimadzu UV-1800 spectrometer) of the Au sols were recorded in a quartz cuvette after 30 min of sol generation.
TEM and High Angle Annular Dark Field (HAADF) STEM Imaging. The surface morphology was investigated directly by imaging, with Au particle size and distribution the characteristics of interest. Samples for examination by TEM and aberration-corrected HAADF STEM were prepared by first dispersing the catalyst powder in high-purity ethanol using sonication. A 40 μL portion of the suspension was dropped onto a holey carbon film supported by a 300-mesh copper grid before the solvent was evaporated. The samples for TEM and HAADF STEM were then examined using JEOL JEM 2100 EM and JEOL JEM 2100F STEM models, respectively. HAADF STEM analysis was performed in the Nanoscale Physics Research Laboratory at the University of Birmingham. The integrated HAADF STEM intensity was used to obtain the size of ultrasmall clusters, with large Au clusters functioning as a mass balance. 33−35 XAFS. Au L 3 -edge XAFS studies were carried out on the B18 beamline at the Diamond Light Source, Didcot, U.K. Measurements were performed in fluorescence mode using a QEXAFS setup with a fast-scanning Si(111) double crystal monochromator and a nine-element Ge detector. The time resolution of the spectra was 2 min/spectrum (k max = 14). On average, 25 scans were acquired to improve the signal-to-noise level of the data. XAS data processing and extended X-ray absorption fine structure (EXAFS) analysis were performed using IFEFFIT with the Horae package (Athena and Artemis). 36, 37 The amplitude reduction factor, s 0 2 , was derived from EXAFS data analysis of an obtained Au foil spectrum to be 0.80, which was used as a fixed input parameter. The EXAFS data were fitted in R-space with a typical fit range of 1.15 < R < 5 Å.
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). FTIR spectra were obtained with an Agilent Cary 680 spectrometer at a spectral resolution of 2 cm −1 and accumulating up to 64 scans. For each experiment, the catalyst was placed in the sample holder and smoothed to leave a flat surface. The cell was purged with helium for 30 min before CO was introduced using a 10% CO/He mixture at a flow rate of 30 mL min −1 over a 5 min period. The gas was switched to helium for 30 min at a flow rate of 30 mL min −1 to remove gaseous and physisorbed CO from the catalyst surface.
Computer Simulations. DFT calculations were performed as implemented by the projector-augmented wave method (PAW). 38 Grid-based PAW uses a real-space grid, transforming the wave functions at the core to a smooth pseudowave function. 39 A converged grid spacing of 0.18 was used to represent numerically the wave function, and structural convergence was achieved when the forces on all atoms were found to be <0.01 eV Å −1 .
The geometries for small Au-CO clusters were taken from the previous work of Jiang and Xu, 40 and geometry optimizations were performed. The molecules investigated were Au 5 CO, Au 4 CO, Au 3 CO, Au 2 CO, Au 2 (CO) 2 , Au(CO) 2 , and AuCO. Depending on the number of electrons in the system, spin-polarized (Au 5 CO, Au 3 CO, Au(CO) 2 and AuCO) and spin-paired (Au 4 CO, Au 2 CO, Au 2 (CO) 2 ) calculations were performed for odd-and even-electron systems, respectively, 
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Research Article with the generalized gradient approximation or Perdew, Burke and Ernzerhof as the exchange-correlation functional; 41 the residual minimization method, direct inversion in iterative subspace was used for convergence of the self-consistent cycle. For the odd-electron systems, a low-spin doublet configuration (μ = 1) was energetically preferable in all cases; a complete summary of the different spin states trialled and relative energies is provided in the Supporting Information (SI). The IR vibrational frequencies were calculated using finite-difference methods and compared with CO in the gas phase, and adsorbed at varying sites on Au (100) and (111) surfaces: namely, the atop, bridge, and hollow sites on the (100) surface; and the atop, bridge, hcp, and fcc sites on the (111) surface. The Au surface was modeled using a 5-layer-thick slab with 2D periodicity, using 1 k-point per 0.024 Å −1 in the directions parallel to the surface plane (i.e., x and y). These studies, details of which are presented in the SI, show that the calculation of stretching frequencies may be limited to the contributions of the CO molecule and Au atoms that are directly bound to it, with all other atoms frozen, thus significantly reducing the computational load. Finally, we also considered the influence of charge on the vibrational frequencies to simulate for the effect of a charge-donating support such as TiO 2 .
Glycerol Oxidation. A 0.3 M glycerol solution and the Au catalyst (substrate/total metal = 1000 mol/mol) were mixed in distilled water and NaOH (4:1 mol/mol NaOH/glycerol, total volume = 10 mL). The reactor was pressurized at 300 kPa of nitrogen, and the temperature was set to 50°C. Once this temperature was reached, the gas supply was switched to oxygen, and the monitoring of the reaction started. The reaction was initiated by stirring. Samples were removed periodically and analyzed by high-performance liquid chromatography using a column (Alltech OA-10308, 300 mm_7.8 mm) with UV and refractive index detector aqueous H 3 PO 4 solution (0.1 wt %) was used as the eluent. Products were identified by comparison with original samples. Recycling tests performed were under the same reaction conditions. The catalyst was recycled in the subsequent run after filtration without any further treatment. The recovery of the catalyst was >95% after each run. The volume of glycerol solution was adjusted in order to keep constant the substrate/metal ratio (1000 mol/mol).
■ RESULTS AND DISCUSSION UV−Visible Characterization. The plasmon resonance band maximum, indicative of metal nanoparticles <10 nm, is presented in Table 2 for all Au catalysts. The band position ranged between 490 and 538 nm, influenced by both temperature and solvent during preparation. However, it is not possible to compare the effect of the different solvent systems on the position of the plasmon resonance band, as a result of differing dielectric properties of the solvent media. 42 Although each band is broad, it can be noted that there is a general shift to higher wavelength in the peak position of the plasmon band as the temperature to which the Au sols are generated increases. This indicates the formation of larger Au particles as the temperature of colloidal reduction increases, with the trend observed for all three solvent systems (H 2 O shown in Figure 1 , H 2 O/EtOH and EtOH shown in Figure  S1 ).
TEM. TEM was performed on all Au/TiO 2 catalysts to determine the particle size distribution. Representative TEM images and the derived histograms of the Au catalysts are presented in Figures 2 and S5. The average Au particle size and deviation for all Au catalysts are presented in Table 2 . For the same solvent of preparation, the particle size analysis confirms that, as the temperature at which the Au colloid is formed decreases, a corresponding reduction in Au particle diameter and a narrowing of the overall distribution range is observed. This behavior is observed for all solvent systems investigated, with the water (A1 = 2.0 nm) and water−ethanol (B1 = 1.8 nm) environments yielding the smallest nanoparticles. To observe how the solvent environment during preparation affects particle size, it is possible to compare catalysts A1 against B2 as well as A2 against B3. These samples have comparable temperatures of colloidal reduction. There is little difference in average Au particle size when comparing A1 and B2, but there is an increase of 1.8 nm between the catalysts A2 and B3, which gives an indication that switching to a higher EtOH/H 2 O solvent ratio increases the Au particle size during colloidal preparation. Switching to a pure EtOH solvent yields larger Au particles, regardless of the temperature, which could be attributed to the insoluble nature of PVA in EtOH, with full solubility achieved only if a few drops of H 2 O are added during its preparation.
HAADF STEM. A1 and B1 catalysts were examined with HAADF STEM microscopy to investigate the presence of Au clusters that are too small to image with TEM. It was observed that ultrasmall Au clusters consisting of only a few atoms are present for the A1 catalyst (Figure 3 ), which were not, however, identified for B1. The quantitative analysis of the clusters' integrated HAADF STEM intensity shows that the ultrasmall clusters are of 1−5 Au atoms. For both Au catalysts, many Au clusters below 1 nm were recorded (Refer to Figures  S2, S3 ).
XAFS Characterization. EXAFS was used to calculate the average Au particle size, as a representation of the whole sample. The first-shell EXAFS fitting parameters are shown in the SI, and the k 2 -weighted magnitude Fourier transform data and corresponding fit presented in Figure 4 and Table S2 . The EXAFS data shows that for all catalysts prepared, the Au environment is dominated by a primary Au coordination shell. The Au−Au first shell coordination numbers range between 7.7 and 11.2, all of which are lower than that found for bulk Au (12) . The effect of temperature on the coordination number can be observed in Figure 5 . Transforming the coordination number into a particle size can be performed using the approach of Beale et al., 43 whose work simulated the average first shell coordination number versus the number of atoms for the first shell for each of the packing types. The average particle size from TEM in our work, along with the particle size obtained from the first shell EXAFS coordination, are presented in Table 2 . The values are based on the assumptions that the nanoparticles are spherical, face centered cubic, and <3 nm. As the diameter of the Au particles increases, the primary Au−Au radial distance (R) extends (2.81−2.84 Å), as is widely reported. 44 The trend for the Au particle diameter derived from the EXAFS supports the TEM analysis. The particle diameter obtained from EXAFS is smaller than that obtained from TEM due to EXAFS accounting for all the atoms that cannot be observed in microscopy.
DRIFTS. CO-adsorption spectra reveal a difference in surface sites and electronic properties between the Au samples. Figure  6A details the CO adsorption bands for catalysts A1 and A2, which have more defined CO adsorption bands compared with A3 ( Figure 6B ). With regard to the electronic properties at the Au/TiO 2 interface, previous literature has been used to assign the observed bands. The small band at ∼2115 cm −1 present in the CO adsorption spectra of A1 and A2 can be assigned to CO−Au 0 species. 45 The broad band ∼2040 cm −1 observed for 
Research Article DOI: 10.1021/acscatal.5b00754 ACS Catal. 2015, 5, 4377−4384 each sample is assigned to CO−Au δ− as a result of electronic transfer from the reducible titania support to very small gold particles or clusters. 46, 47 For A1 and A2 samples, it is evident from the asymmetric nature of this band that it comprises two different adsorption sites. The bands present below 1900 cm −1 are difficult to assign from the literature, with only clusters of Au 5 (CO) being reported with bands at this wavenumber. 40 The broadness associated with the CO adsorption bands for samples A3, B1, and C1 ( Figure 6B) can be a result of the dipole coupling effect between neighboring CO molecules: when CO coverage is large, the dipoles between CO molecules couple, broadening the adsorption band. The sharp absorption bands observed in A1 and A2 provide evidence that there is limited coupling, confirming that the sites are more isolated.
Sample B1, in which the smallest average Au particle exists, did not produce the same CO-adsorption bands as described from the low temperature preparations in H 2 O. Instead, the spectrum was consistent with that of the A3 catalyst, featuring two broad bands at ∼2040 and ∼1850 cm −1 , which is also observed for the samples prepared in pure EtOH ( Figure 6B) . The difference can be ascribed only to the influence of PVA on the gold species during the catalyst preparation in different solvents. The interaction between PVA and the EtOH solvent appears detrimental to the available Au sites for CO adsorption. The samples of interest were not pretreated in any way to clean the catalyst surface or to modify the electronic properties; hence, in all cases, the stabilizing agent, PVA, may crucially inhibit the ability of each sample to adsorb CO at the surface. As a result, facile removal of the stabilizing agent has been widely investigated, with the aim of removing the protecting agent without affecting the structure of the catalyst. 33 DFT Calculations. Geometry optimization and vibrational frequency analysis was performed on small Au x CO clusters and for CO adsorbed at varying sites on (100) and (111). Our calculations show that the relevant vibrational modes in the IR spectra may be restricted to those relating to the CO molecule and directly bonded Au atoms, as shown in the ESI. The CO stretching frequencies for selected Au x CO clusters and surface adsorption sites are given in Table 3 .
From the results outlined, we see that the CO stretching frequencies when adsorbed on small gold clusters are lower than for gas-phase CO and similar to the slab calculations for which the CO molecule is adsorbed in an atop position, with a vibrational frequency of ∼2090 cm −1 . However, when CO binds in a bridging fashion, the vibrational frequency is shifted to considerably lower wavenumbers on the (100) and (111) surfaces. Both Au 3 CO and Au 5 CO molecules have CO positioned in a bridging arrangement, yet the CO stretching frequency for the Au 5 CO is now much lower, at 1869.9 cm −1 . This result suggests that CO stretching frequencies below 1900 cm −1 may be assigned to bridging positions for the CO adsorbate on small Au clusters and may therefore correspond to the unusually distinct peaks highlighted in Figure 6 .
To understand the influence of charge-donating supports, such as TiO 2 , on the CO stretching frequencies, we also 
Research Article negatively charged the Au 5 CO molecule, reoptimized the geometry, and recalculated the vibrational frequencies. This procedure resulted in a significant red shift of the CO stretching frequency by 102.7 cm −1 , from 1869.9 to 1767.2.9 cm −1 . Given also the electronegative nature of Au, such a shift perhaps indicates that lower CO stretching frequencies in the experimental IR spectra could also arise from nanoparticle interactions with the substrate.
Glycerol Oxidation. Au/TiO 2 catalysts were evaluated for the liquid phase oxidation of glycerol under standard conditions: glycerol 0.3 M, 50°C, 300 kPa O 2 , glycerol/Au 1000 mol/mol, NaOH/glycerol 4 mol/mol. In Table 4 , the activity and selectivity of Au catalysts prepared using different solvents and different temperatures are reported. All Au catalysts showed good selectivity to glyceric acid (73−80%). The Au/TiO 2 catalysts prepared in water showed the best catalytic performance compared with the alternative solvent systems, with A1 the most active catalyst (turnover frequency (TOF) of 915 h −1 ). This value, compared with previously reported Au/TiO 2 catalysts, is high. Au/TiO 2 produced by deposition precipitation or synthesized using colloidal methods with tetrakis(hydroxymethyl)phosphonium chloride (THPC) as the stabilizing agent generated TOFs of 721 and 367 h −1 , respectively. 48 A2, A3, and A4 have significantly lower activities than A1 (TOF of 663, 341, and 161 h −1 , respectively), with time online analysis shown in Figure 7 .
Correlating the activity data for all Au catalysts with the average Au particle sizes showed that this is not the only parameter influencing the catalytic performance. Indeed, A1, A2, B1, B2, and C1 catalysts showed different catalytic behavior, despite the similar Au average particle diameter (1.8−2.4 nm). The difference can be attributed to two factors: (1) the population of very small Au clusters, as seen in A1 and (2) the interaction between protecting agent and solvent system, which is influenced by the temperature and the solvent in which the Au NPs are generated. It has previously been demonstrated that PVA affects the catalytic performance, as it is proposed that PVA can direct the adsorption of glycerol to Au active sites by interacting with the OH groups of glycerol. 49, 50 There is an interesting result for the C series, in which the larger Au particle size catalyst, C2, has a greater activity than the smaller C1. We also attribute this trend to differences in the way PVA interacts with the Au colloids as a consequence of the low solubility of PVA in ethanol, which is exacerbated by the low temperature synthesis. We suggest that the presence of EtOH at the NP surface can also influence the adsorption of glycerol.
To explore the effect of the solvent used for the preparation of Au catalysts on their stability, we investigated the recyclability of the catalysts. The most active catalysts for each solvent (A1, B1, and C2) were chosen. The catalysts showed good stability after 10 runs, reaching full conversion after 4 h (Tables 5, 6, and S5). A1 showed a decreasing TOF between the first and second runs (915 and 652 h −1 ). Afterward, the TOF remained constant in the successive eight runs ( Table 5 ). The selectivity to glycerate decreased from 73% in the first run to 56% in the second run, during which a higher amount of tartronate was produced. This result can be attributed to the change in the average particle size of the A1 catalyst after the first run, with the aggregation of the very small Au clusters that were observed in HAADF STEM analysis. There was, indeed, an increase, from 2.0 to 3.7 nm, in the average Au particle diameter before and after the recycling tests by TEM. Au/TiO 2 prepared in EtOH/H 2 O and EtOH showed an increased TOF after the second run (Tables 6 and  S5) , which remained stable in the successive runs. The catalyst 
Research Article stability is enhanced by the presence of the protecting agent, which is consistent with the lower activity observed for catalysts prepared in solvents containing EtOH, in which the EtOH and PVA influence the adsorption of glycerol. The catalytic performance of A1 and A3 catalysts was investigated at lower reaction temperature (25°C) to minimize the aggregation of small clusters. As is shown in Tables S6 and S7, the stability of the catalysts was good, and selectivities of 81−87% to glycerate were obtained. These results demonstrate the applicability of supported gold catalysts in which the presence of gold clusters can enhance catalytic activity and can also be successfully reused without significant loss of activity.
■ CONCLUSIONS
This study demonstrates how Au NP characteristics can be tuned using solvent and temperature variations during colloidal synthesis and the impact this has on catalytic performance. The choice of temperature and solvent system proved crucial in dictating the performance for the liquid phase oxidation of glycerol, with the colloid generated at 1°C in a water-only solvent giving the highest activity. This catalyst had a TOF of 915 h −1 , which compares favorably with other Au/TiO 2 catalysts in the literature that have been assessed under similar reaction conditions. The characterization of this catalyst, A1, demonstrated the presence of isolated ultrasmall Au clusters (1−5 atoms), as shown by HAADF STEM and supported by CO adsorption studies. The study also shows that catalysts with similar average Au particle diameters, A1 and B2, as identified by EXAFS and TEM -gave rise to different catalytic properties, with TOF values of 915 and 95 h −1 , respectively. This insight is of great importance when trying to elucidate accurate structure function relationships. This study links performance of Au/ TiO 2 catalysts for glycerol oxidation to the population of specific cluster sizes and also indicates that reduced average particle diameter alone is not sufficient to promote the reaction. The interaction between the PVA and the Au NPs should not be ignored and may also influence the types/number of Au aggregates formed alongside affecting which sites are available.
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